This study was undertakeii to characterize the nature of carbohydrate loss due to endotoxin poisoning in mice and to elucidate mechanisms responsible for the changes. Female ICR mice, fasted overnight, were injected intraperitoneally with a mean lethal dose of elidotoxini extracted from Salmonella typhimurium strain SR-11. Liver glycogen levels, alanine-U-l4C and pyruvate-2-'4C incorporation into blood glucose and liver glycogen, glucose-U_l4C incorporation into liver glycogen, and liver glycogen synthase activities were measured at intervals after treatment. Liver glycogen in fasted mice given endotoxin was diminished significantly as early as 1 h after treatment. Liver glycogen synthase was significantly decreased in poisoned mice at 17 h. The use of actinomycin D showed that the induction of this enzyme due to fastiIlg or hydrocortisone, or both, was inhibited by endotoxin. The incorporation of the '4C-label from alanine-U-_4C, pyruvate-2-'4C, or glucose-U-14C into blood glucose and liver glycogen was substantially impaired in endotoxemic animals at 12 h. Decreases in incorporation occurred as early as 4 h after treatment. The progressive increase in glycogen synthase activity observed in fasted controls was not seen in endotoxin-poisoned mice. The administration of a glucose or pyruvate load to endotoxin-treated mice did not restore gluconeogenesis, glycogen synthesis, or liver glycogen synthase activity to normal levels. The in vivo activation of glycogen synthase by glucose was significantly reduced in enidotoxemic animals. These changes indicate reduced carbohydrate synthesis as a probable cause for rapid sugar loss during endotoxemia in mice.
Since the pioneering observations of Menten and Mannig (26) and Zeckwer and Goodell (41) , bacterial endotoxins have been known to deplete an animal of its carbohydrate reserves. These observations have been confirmed in a number of laboratories but without a valid explanation for their underlying causes. KuIl (17, 18) was the first to find that endotoxin prevents the conversion of glucose to glycogen in rats as well as the entry of sugar into the isolated diaphragm. The studies of Berry et al. (4) demonstrated that injection of a lethal dose of killed Salmonella typhimurium into mice results in the reduction of liver glycogen and almost complete loss in total body carbohydrate. Cortisone not only protected mice against the lethality of endotoxin but also l)revented the total loss of glycogen.
Further studies by 13erry and Smnythc (2) demonstrated that, when endotoxin was given to mice concurrently with cortisone, the amount of were employed, have shown the overall rate of gluconeogenesis to be impaired by Pseudomonas aeruginosa infectioin as well as by Escherichia coli enidotoxin. The activity of glucose-6-phosphatase was significantly lower in infected and poisQned animals than in controls. More recently, reduced hepatic fructose-1,6-diphosphatase and glucose-6-phosphatase activity in endotoxinl-treated mice have been reported by McCallum and Berry (24) , although the chainges were slower than the rapid liver carbohydrate depletion seen in poisoned animals. For this reason, the role of the glycogen cycle becomes increasingly important in understanding possible mechanisms. This investigation was undertaken to further characterize alterations in carbohydrate synthesis in mice treated with a mean lethal dose (LD5o) of endotoxin. It was thought that measurements of liver glycogen levels, the conversion of certain precursors into blood glucose and liver glycogen, as well as determinatioins of liver glycogein syinthase (uridine 5'-diphosphate [UDP]-glycogen a-4-glucosyltransferase, EC 2.4.1.11) activity in poisoned animals would contribute to an elucidation of mechanisms responsible for the irreversible carbohydrate depletion caused by endotoxin.
MATERIALS AND METHODS Animals. Female random-bred, pathogen-free mice (ICR strain, Texas Inbred Mice Co., Houston, Tex.) weighing 18 to 20 g were employed for these studies. Animals were kept in a room with controlled lighting (6:00 a.m. to 6:00 p.m.) and housed 10 per cage in a Health Guard System cage rack (Research Equipment Co., Inc., Byran, Tex.). They were given food (Purina Laboratory Chow, Ralston Purina Co., St. Louis, Mo.) and water ad libitum. Mice were periodically screened for Salmonella contamination by plating suspensions of macerated fecal samples on SS agar plates (Difco) and incubating at 37 C for 24 h.
Endotoxin. The endotoxin employed was extracted and purified from S. typhimurium strain SR-l by the phenol-water method described by Nowotny (29) . Batch cultures were grown in aerated Brain Heart Infusion broth (Difco) at 37 C for 24 h and harvested by continuous-flow centrifugation (Ivan Sorvall, Inc., Norwalk, Conn.).
The cells were washed three times with sterile saline before lyophilization. After extraction, the lipopolysaccharide was further purified by three absolu-te methanol precipitations and ultracentrifugation at 105,000 X g. The mouse LD50 of the purified preparation was determined by the method of Rteed and Muenich (31) using a 48-h enid point, and was found to be approximately 235,g per mouse.
Fasting, injeclions, and sacrifice. Since the puLrpose of this study was to evaluate carbohydrate synthesis in mice, fasted animals were employed. It is well established that mice poisoned with endotoxin stop eating (1) ; therefore, fasting partially balances the experimental and control animals. In the experiments in which liver glycogen levels were surveyed for 24 h and the response of glycogen synthase to actinomycin D, hydrocortisone, and endotoxin was followed, food was withdrawn from all animals at 5:00 p.m. At this time injections were made, and 0-h measurements were performed. In all other experiments mice were allowed to fast overnight (5:00 p.m. to 8:00 a.m.) prior to the initial injections and the 0-h measurements at 8:00 a.m. Fasting was continued throughout the course of each experiment.
Mice were injected intraperitoneally (i.p.) with one LD50 (235 ug per mouse) of purified lipopolysaccharide suspended in 0. At appropriate intervals after treatment, groups of 10 mice each were sacrificed by decapitation. The livers were quickly removed, rinsed, blotted dry, weighed, and used immediately for enzyme or metabolite assays. Blood for blood glucose determinations was obtained by the insertion of a 0.1-ml disposable micro-sampling pipette (Scientific Products, Evanston, Ill.) into the ophthalmic venous plexus.
Measurement of gluconeogenesis and glycogen synthesis. Mice were fasted overnight and the initial injections were made at 8:00 a.m. (0 h). Liver and blood samples were obtained at the following intervals after treatment: 2 h (10:00 a.m.), 4 h (12:00 p.m.), 6 h (2:00 p.m.), and 12 h (8:00 p.m.). Gluconeogenesis was evaluated on the basis of the incorporation of the 14C-label from alanine-U-14C (specific activity = 0.05 mCi/mmol) and sodium pyruvate-2-14C (specific activity = 0.025 mCi/mmol) into blood glucose 30 min after the i.p. injection of 1 MCi per animal. Glycogen synthesis was measured by the incorporation of the 14C-label of glucose-U-'4C (1 MCi per 20 Mimol) as well as labeled alanine and pyruvate into liver glycogen 30 min after i.p. injection.
For evaluation of gluconeogenesis, paired blood samples were obtained from each mouse. One of the paired samples was assayed for blood glucose, and the other sample was mixed with an equal volume of 10% (wt/vol) trichloroacetic acid and centrifuiged to yield a protein-free suipernatant fluid which was used for glucose estimation. With a method similar to that of Shands et al. (33) , a 0.05-ml sample of the protein-free supernatant fluid was placed on two microcolumns (0.4 by 5 cm) connected in series consisting of AG-50W-X8 cation exchange resin (200 to 400 mesh) in the H+ form and AG-2-X8 anion exchange resin (200 to 400 mesh) in the C1-form (Bio-Rad Laboratories, Richmond, Calif.). A 0.1-ml sample of the eluate was added to 10 ml of Bray's solution (5) and counted in a Packard liquid scintillation spectrometer model 3310 (87% efficiency). It was found that elution of the columns with 2 ml of distilled water allowed 99.2% recovery of 0.1 jtCi of 'IC-glucose. The columns were also tested for their ability to retain alanine and pyruvate. When 0.1 ,uCi of sodium pyruvate-2-14C or alanine-U-14C was placed on the columns, no counts above background were found in the 2-ml eluate.
Glycogen synthesis was measured by counting the liver glycogen isolated and purified from mice 30 min after injection of 1 ,uCi of glucose-U-14C
(specific activity = 0.05 jsCi/mmol). Each liver (approximately 1 g) was placed in 6 ml of 30% (wt/vol) KOH in a glass centrifuge tube (40 ml) and heated at 100 C for 45 min. After cooling, 0.4 ml of saturated Na2SO4 and 10 ml of absolute ethanol were added to each tube. The tubes were heated to boiling, cooled in an ice bath for 30 min, and centrifuged. The glycogen pellet was dissolved in 5 ml of distilled water and precipitated with 6.25 ml of absolute ethanol, heated to boiling, cooled, and centrifuged. This procedure was repeated, and the final glycogen pellet was dissolved in 5 ml of distilled water. A 1-ml sample of the glycogen solution was added to 10 ml of Phase Combining System solubilizer (Amersham/Searle Corp., Arlington Heights, Ill.) and counted. Another 0.05-ml sample of the glycogen solution was assayed for glycogen content.
Glycogen synthase assay. Mouse liver glycogen synthase activity was assayed by modification of the method described by Gold and Segal (10) . A 1-g amount of liver was homogenized in three volumes of 0.1 M glycylglycine buffer (pH 7.4) at 0 C for 30 s, and the homogenate was centrifuged at 2 C at 8,000 X g for 10 min. The resultant supernatant solution was held at 0 C, and the first assay for the glycogen synthase activity was made 30 min after removal of the liver from the animal. Enzyme activity was determined by measuring the amount of radioactivity incorporated into glycogen from "4C-labeled UDP-glucose. The assay mixture contained 20 mg of mouse liver glycogen prepared as follows: 1 Amol of UDP-glucose, 0.02 MCi (38,600 counts/min) of UDP-glucose-U-14C (final specific activity = 0.02 mCi/mmol), 264 ,umol of glycylglycine, pH 7.4, were added with 4 Mmol of glucose-6-phosphate in a volume of 3.8 ml. The reaction was initiated by adding to the assay mixture 0.2 ml of the supernatant soluttion from the 8,000 X g centrifugation of the mouse liver homogenate. The assay incubations were made in screw-capped 40-ml glass centrifuge tubes at 37 C for 15 miii with gentle shaking.
The reaction was stopped by the addition of 6 ml of hot 30% (wt/vol) KOH to each tube, and the mixture was heated for 10 min at 100 C. Saturated Na2SO4 (0.5 ml) was added to the mixture, and glycogen was precipitated with 1.1 vol of absolute ethanol. The mixture was again heated to boiling, cooled for 30 min in an ice bath, and centrifuged. The glycogen pellet was dissolved in 5 ml of distilled water and precipitated with 6.25 ml of absolute ethanol. The mixture was heated, cooled, and centrifuged as before. The glycogen pellet was dissolved in distilled water to a final volume of 5 ml. A 1-ml sample of the glycogen solution was added to 10 ml of Phase Combining System solubilizer and counted. Another 0.02-ml sample was assayed for glycogen content. Enzyme activities are expressed as nanomoles of glucose transferred from uridine diphosphate glucose (UDPG) to glycogen per minute per gram of liver (dry weight) under the conditions of the assay corrected for the 2 to 5% loss of glycogen in the isolation procedure. A correction was also made for a small amount of radioactivity accompanying glycogen in tubes to which the enzyme was added after KOH; although background -incorporation was negligible. As defined by Larner and Villar-Palasi (20) , independent (I)-form activities are those obtained in the absence of glucose-6-phosphate, and dependent (D)-form activities are the difference between those obtained in the presence (total) and absence of added glucose-6-phosphate, since a "plus-minus" assay for glycogen synthase was used. In a typical enzyme assay, approximately 5% of the "4C-label from UDP-glucose-U-14C was transferred to glycogen during the 15-min incubation. No lag period was observed, and the rate of transfer was linear with time until approximately 20 min. Dry-weight determinations were made on each enzyme preparation in lieu of protein measurements since the enzyme was contained in a crude supernatant fraction.
Liver glycogen and blood glucose. In the experiment in which liver glycogen levels were determined in mice over a 24-h period, liver glycogen was assayed by the method of Kemp and Kits van Heyningen (16) . In all other experiments, glycogen was assayed by the anthrone method described by Kahan (15) . Glycogen standards were prepared from mouse liver glycogen isolated and purified as described above except that dialysis was at 4 7, 1973 CARBOHYDRATE SYNTHESIS DURING ENDOTOXEMIA rank order test (37) and the Student's t test (22) for significant differences (P 0.05).
RESULTS
Liver glycogen levels. Liver glycogen levels in fasted control and endotoxin-poisoned mice over a 24-h period are seen in Fig. 1 . All food was withdrawn from the animals at 5:00 p.m. At this time half of the animals received an LD50 of enidotoxini, 10 mice from each groul) were sacrificed, and the liver was assayed for glycogeni contenit (0 h).
Every 2 h unitil 6 h l)ost-treatment (11:00 l).m.) and then every 4 h until 24 h after treatmenit (5:00 l).m. the followinig day) groups of mice were sacrificed, aind liver glycogeni was assayed.
Although the control mice were fasting throughout the observation l)eriod, a cyclic pattern in liver glycogen levels was seeni. Liver glycogeni in fed animals usually rainges from 4 to 61%; thus, the levels measured at 5:00 l).m. (0 h) were relatively low when the experiment was started.
Glycogen in the conltrols decreased to approximately 0.4%70 6 to 12 h after treatment and then began to increase to a peak of 1.2%o at 20 h.
In contrast to the cyclic p)attern seen in the controls, liver glycogen was rapidly depleted in mice treated with ain LD50 of endotoxin. A severe drop was observed as early as 1 h after treatment (0.2%). This was followed by a slight but significant iinerease at 2 aind 3 h, most likely in response to the iinitial rapid depletioni. Liver (Table 2 ). The specific activity of the isolated blood glucose from poisoned mice was not, however, significantly different from control mice. The data indicate that blood glucose in mice 12 h after poisoning was approximately 65% of the control level. The decrease in total incorporation of the '4C-label into glucose in poisoned mice paralleled the decrease in total blood sugar. Values for blood glucose in control mice were lower than those usually reported (75 to 125 mg/100 ml), but they no doubt reflect not only the 12 h of fasting but the time of day (8:00 p.m.) when blood sugar in mice is normally low. Table 3 shows the effect of endotoxini on glyconeogenesis from alanine and pyruvate and glycogenesis from glucose 12 h after treatment. Liver glycogen levels were essentially depleted in poisoned mice (a 40-fold reduction from 0.97 to 0.02%). Likewise, the total incorporation of the To characterize further gluconeogenesis and glyconeogenesis during endotoxin poisoning, shorter intervals after treatment were examined. The incorporation of alanine-U-14C into blood glucose and liver glycogen was examined at 0, 2, 4, and 6 h after the i.p. injection of an LD50 of endotoxin (Tables 4 and 5 ). The procedures were similar to those employed for the results in Tables 2 and 3 , and the data are expressed in identical fashion. The 0, 2, 4, and 6 h after treatment correspond to 8:00 a.m., 10:00 a.m., 12:00 p.m., and 2:00 p.m., respectively.
Incorporation of the 14C-label from alanine into total glucose and specific activity of isolated blood glucose were both significantly reduced in poisoned mice at 2 and 4 h ( In contrast to the slight changes in alanine-U-14C incorporation into blood glucose at 0, 2, 4, and 6 h, the effects of endotoxin on the incorporation of the "4C-label into liver glycogen were most pronounced (Table 5 ). In endotoxin-treated mice TABLE 4 . Incorporation of the 14C-label from alanine-U-l4Ca into blood glucose at 0, X, 4, and 6 h after endotoxin (1 LD50) treatment in fasted mice 12 h of fasting insure that carbohydrate synthesis will be predominantly toward glucose and glycogen. The results with endotoxin treatment differed considerably from those with controls. An initial increase in enzyme activity about twofold above the control value was observed in poisoned mice after 2 h. This early elevation in the enzyme parallels the increases in liver glycogen and in glyconeogenesis from alanine found in endotoxin-treated animals ( The injection of a pyruvate load increased significantly the level of blood glucose from 65.7 to 109.7 mg/100 ml in fasted control mice (Table  6 ). Likewise, the incorporation of the '4C-label from pyruvate-2-'4C into blood glucose and the increase in specific activity of the isolated blood glucose increased, respectively, 23-and 12-fold in the controls. Although large increases in total incorporation and in specific activity were observed in poisoned mice, they were not as great as in controls and were insufficient to raise blood sugar to control levels. These data indicate that the pathway of gluconeogenesis in endotoxintreated mice is functioning at a rate lower than that observed in control animals.
Glyconeogenesis from pyruvate and glycogenesis from glucose were not normal when either a pyruvate or glucose load was given to mice 12 h after poisoning (Table 7) . Liver glycogen in fasted control mice increased significantly after a large dose of either glucose or pyruvate (233 and 140% of controls, respectively). There were also significant amounts of the 14C-label of glucose incorporated into liver glycogen of control and poisoned mice as judged by counts per gram of liver or by specific activity. On the other hand, 400,umol of pyruvate did not augment liver glycogen levels, elevate the total incorporation into glycogen, nor increase the specific activity of labeled glycogen in endotoxemic mice. A glucose load of 200,umol increased glycogen levels and glycogenesis in poisoned animals, but these increases were not of sufficient magnitude to restore liver glycogen to control levels. Since administratioln of a glucose load caused some increase in glycogen synthesis in poisoned animals, this effect was further studied.
In vivo activation of glycogen synthase by glucose. De Wulf and Hers (6) noted a 15-to 20-fold increase in conversion of glucose to glycogen when mice were given a glucose load (50 mg) intravenously. Approximately a 10-fold increase in liver glycogen synthase was also observed. These two effects were explained by an increase in the conversion of the enzyme to a more active form, whereas recent evidence has indicated that this is true (7) . Since a glucose load of 200,mol significantly increased liver glycogen in fasted control animals and to a much lesser extent in endotoxin-poisoned mice (Table 7) , the ability of glucose to activate glycogen synthase under in vivo conditions was studied. 
a Counts/min X 10-3/g of liver.
6 Counts/min X 10-3/g of glycogen.
c One 1&Ci/20 pmol of carrier injected i.p. at 30 min before sacrifice. The results presented in Table 8 indicate a doubling in total enzyme activity (I + D) in control mice given a glucose load. No significant increase was observed, however, in poisoned mice (808 U without and 909 U with glucose loading). A slight but significant increase was noted in I activity (glucose-6-phosphate omitted from the assay mixture) in control animals given glucose to 154% of the values obtained from normal mice with no glucose load. A comparable increase in I activity was not seen in poisoned mice. Apparently, the increase in total enzyme activity due to glucose, measured in control mice, was due to increases in the D form (total -I). This contradicts the effect of glucose on glycogen synthetase conversion described by De Wulf and Hers (7) and possibly suggests that some activation of the enzyme occurred prior to assay. Gold and Segal (10) demonstrated that glycogen synthase activation in vitro is dependent on temperature of incubation. Although precautions were made in this study to prevent temperature activation of the enzyme, such a possibility could account for the increase in the D form due to glucose loading. Nevertheless, these data clearly indicate that glucose activation of liver glycogen synthase was impaired in mice 12 h after an LD50 of endotoxin.
DISCUSSION
Depletion of glycogen and alterations in the enzymes of the glycogen cycle have been reported in a wide variety of infections and pathological conditions. Liver glycogen is depleted in mice The results of this study clearly indicate that liver glycogen was rapidly depleted after injection of an LD50 of endotoxin. The fasted animal was employed for two reasons: (i) to observe anabolic sugar production from noncarbohydrate precursors, and (ii) because mice treated with enidotoxiii fail to eat; therefore, fed aiiimals would niot be in a comparable metabolic state. The experiment in which liver glycogen was surveyed over a 24-h period established a defined experimetital system which subsequently was used in all experiments. That is, when food was withdrawn from both control and treated mice prior to the usual evening eating period, carbohydrate stores were mobilized and utilized during the overnight period. As a result, the animals were forced to replenlish carbohydrate stores from nonsugar sources, and, as Fig. 1 shows, they were actively synthesizing glucose and glycogen between 12 and 24 h after the withdrawal of food. For this reason, experiments were initiated at 8:00 a.m. the next morning, after an overnight fast. In endotoxin-treated mice, active liver glycogen synthesis was not observed, probably because of an impairment in glycogenesis and gluconeogenesis.
Glycogen synthase, also referred to as UDPGglycogen transglucosylase, was discovered by Leloir and Cardini (21) and is believed to be the principle rate-limiting enzyme in the pathway leading from glucose to glycogen (36) . The enzyme exists in two forms in various tissues and is controlled by a variety of complex regulatory factors. Through the work initiated by Hizukuri and Larner (13) and subsequently extended and developed by a number of investigators, it has become clear that in liver as well as muscle the enzyme exists in two forms interconverted by a phosphatase and a kinase. The original kinetic measurements of the D and I forms of rat liver glycogen synthase indicated that the D form was essentially inactive without glucose-6-phosphate and that the I form was almost fully active. In the presence of glucose-6-phosphate, the Km of the D form for UDPG was 9 X 10-4 M, and 6.7 X 10-4M for the I form. Interconversion was shown to be catalyzed by an enzyme in the smooth endoplasmic reticulum. In contrast to the small difference in Km for UDPG which Hizukuri and Lamer found with the D and I forms of the enzyme, Mersmann and Segal (27) , Gold (9) (Fig. 2) . It seems most likely that the "spike" at 2 h is due to enhanced adrenal activity after endotoxin treatment. Although adrenalectomized animals were not used to confirm this, previous evidence from this laboratory would indicate this to be the case. Studies are currently in progress to determine the role of adrenocorticoids and their early release in the mechanism of action of endotoxin. These results and others strongly argue for mediated mechaanisms as responsible for some of the metabolic alterations produced by endotoxin treatment.
A crucial question which has received much attention in this laboratory concerns (Fig. 2) . This observation, however, deserves closer study. Evidence is presented here which may indicate that activation of liver glycogen synthase is altered by endotoxin. Glucose was shown by De Wulf and Hers (6) to enihailce the conversioni of liver glucose to liver glycogen by increasing the rate of activation of glycogen synthase. This effect of glucose may be due to stimulation of glycogen synthase phosphatase, as shown by Holmes and MIansour (14) in the case of muscle phosphorylase phosphatase. The results in Table 8 clearly indicate that in vivo activation of liver glycogen synthase by a glucose load is significantly inhibited in mice treated with endotoxin. As mentioned previously, the increase in the D form seen with glucose in fasted controls may be the result of nonsl)ecific temperature activation prior to assay of the enzyme. This is currently under study. It could also be due to the route of glucose injection, intraperi- 
